ABSTRACT Early detection and precision targeting are key elements in a successful management strategy of stored product pests so that actions can be implemented while the population density is still low and controllable. The overall purpose of pheromone trapping is not to catch as many insect pests as possible, but to obtain monitoring data that provide as much information as possible about the spatio-temporal dynamics of the pest population. We placed 30 pheromone-baited traps in a grid with traps being 3Ð 4 m apart in a relatively small trapping space with (1) no food, (2) no human activity, (3) all traps placed at the same height, and (4) no presence of Plodia interpunctella females (except when used as lures). Male moths were released from single locations, and the purposes of this study were to (1) evaluate the trapping efÞciency (number of male P. interpunctella caught) when using different (Z,E)-9,12-tetradecadienyl acetate (Z9,E12Ð14:Oac) (ZETA) concentrations in lures, (2) release male P. interpunctella individuals from single locations and determine the relationship between pheromone-baited trap captures and distance from the release site, and (3) describe the spatial distribution pattern of pheromone-baited trap captures. The main conclusions were that (1) total trap captures of male P. interpunctella individuals were similar when deploying ZETA concentrations in lures ranging from 1 to 2,000 g, (2) there was a signiÞcant exponential negative relationship between trap captures and distance from release sites when using live P. interpunctella females, 50 g, or 500 g as attractants, (3) the location of trap capture centroids was similar for trials with random and aggregated spatial distributions, (4) independently of pheromone concentration, most trap capture centroids were located within 3 m from the release site, and (5) even in a highly simpliÞed environment, there was considerable difference in the spatial trends from three different release sites.
THE COMMERCIALIZATION OF PHEROMONE-BAITED traps and lures for the Indianmeal moth, Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae), resulted in a multi-million dollar annual market in the United States (Nansen 2004) . Early detection, using pheromone traps, is one of the key elements in a successful management strategy of stored product pests so that actions can be implemented while the population density is still low and controllable. Once pest activity has been detected, inspections of food items and equipment, interviews with employees in the facility, and interpretation of monitoring data are the main sources of information to locate pest harborage sites. However, interpretation of monitoring data from pheromone-baited traps is inßuenced by numerous factors, such as density of traps (Nansen et al. 2003) , trap type (Levinson and Hoppe 1983 , Barak et al. 1990 , Mullen 1992 , Quartey and Coaker 1992 , Hussain et al. 1994 , Mullen et al. 1998 , Mullen and Dowdy 2001 , Nansen et al. 2003 , visual cues on traps (Quartey and Coaker 1992) , pheromone composition (Zhu et al. 1999) , air movement (Quartey and Coaker 1992) , and trap height (Vick et al. 1986 , Nansen et al. 2003 , 2004 . With growing interest in use of pheromone-baited traps for precision-targeted pest control within the pest control industry (Nansen 2004 , Mabbett 2005 , it is crucial that more research effort is devoted to optimization of pheromone lures and traps ) and that user-friendly tools for interpretation of trap captures are developed.
Although additional secondary sex pheromone compounds have been identiÞed and evaluated as attractants (Sower et al. 1974 , Teal et al. 1995 , Zhu et al. 1999 , most lures for trapping of P. interpunctella males contain as the only attractant Ϸ1 mg of the major compound of the female-produced pheromone [(Z,E)-9,12-tetradecadienyl acetate (Z9,E12Ð14:Oac) (Brady and Nordlund 1971 , Kuwahara et al. 1971 , Kuwahara and Casida 1973 , here referred to as ZETA]. Despite the importance of pheromone-baited traps in integrated pest management (IPM) programs, very little is known about the attractive range (Bossert and Wilson 1963) of ZETA in pheromone-baited traps and temporal ßuctuations in its release rate under Þeld conditions. Mankin et al. (1999) examined the ßight response of male P. interpunctella individuals when placed under experimental conditions at various distances from ZETA lures containing 100 g (10% of normal lure) and releasing Ϸ2.3 ng/h, and they concluded that the trap capture range is Ͻ4m within 5Ð10 min from the initial exposure of P. interpunctella males to ZETA. The well-designed analysis by Mankin et al. (1999) is, to our knowledge, the only published study that sheds light on the trap capture range of pheromone-baited traps for male P. interpunctella. Although not based on statistics that incorporate information about the spatial position of trap captures, different analyses of pheromone-baited trap captures of P. interpunctella males have indicated aggregated distribution patterns in various stored product environments (Vick et al. 1981 , 1986 , Bowditch and Madden 1996 , Platt et al. 1998 , Arbogast et al. 2000 , Doud and Phillips 2000 , Campbell et al. 2002 . Thus, these studies support the idea that analyses of pheromone-baited trap catches can be used for spatial targeting of P. interpunctella infestations. However, other studies (e.g., Nansen et al. 2003) concluded that the spatial structure of trap captures of P. interpunctella males was random and therefore less reliable for detection of insect hot spots. One critical limitation in all of the referred studies of pheromone-baited trap captures under Þeld conditions is that there is no knowledge about the actual population size or about its spatial origin (haborage sites). Thus, these studies provide little insight to the fundamental question about the spatial relationship between trap captures and the actual insect pest population.
In this study, we conducted trapping of P. interpunctella males in a nonfood environment without presence of P. interpunctella females. The purposes were to (1) evaluate the trapping efÞciency (number of male P. interpunctella caught) when testing different ZETA concentrations in lures, (2) release male P. interpunctella individuals from single locations and determine the relationship between pheromonebaited trap captures and distance from the release site, and (3) describe the spatial distribution pattern of pheromone-baited trap captures.
Materials and Methods
Insects. Plodia interpunctella adults from the laboratory culture at Oklahoma State University were reared at 16:8 L:D, 28ЊC, and 60 Ð70% RH on a corn mealÐ based diet (Phillips and Strand 1994) . Pupae were sexed and carefully transferred to individual vials until 1Ð2 d after emergence to ensure that only young virgins were used.
Trapping in Controlled Environment.
A single utility room at Oklahoma State University was used for all trapping trials, and it was similar to a small warehouse, but without food present and without presence of P. interpunctella females (Fig. 1) . A total of 30 Pherocon II ßight traps (Tré cé , Salinas, CA) were arranged in a grid pattern 2.7Ð 4.0 m apart, and three of the locations were selected at random as release sites. The grid pattern of trap placements is commonly used, but the distance between traps represents a two-to fourfold scale down of the most commonly used monitoring grids for this pest (Bowditch and Madden 1996 , Arbogast et al. 1998 , Mullen and Dowdy 2001 , Campbell et al. 2002 , Nansen et al.2003 . All traps were hanging freely at 1.8 m above the ground, and their location was georeferenced relative to the southwestern corner. For each trial, 25Ð30 unmated P. inter- punctella males were used, and all male moths were released from glass vials onto a plastic tray 0.5 m above the ßoor right underneath the pheromone-baited trap on the release site. Because of the high density of the trapping grid, we suspected that the trapping environment could be saturated with pheromone and cause mating disruption if ZETA concentrations were too high. Thus, most of the doses tested were lower than in commercially available lures (approximate dosage of 1 mg). We tested lures containing one of eight concentrations of synthetic ZETA (in g/lure): 0, 1, 5, 25, 50, 100, 500, and 2,000. ZETA concentrations were prepared by diluting neat ZETA in distilled hexane and applying 50 l of the solution to rubber septa (Sleeve stoppers 03-215-5; Fisher Company, Fisher ScientiÞc, Pittsburgh, PA) that had been soaked in methyline chloride for 15Ð20 min to remove impurities. In additional trials, we constructed small meshed cages that Þtted into the diamond-shaped sticky traps and placed two live virgin P. interpunctella females in each cage inside each trap. All ZETA doses and live females were tested in nine separate trials with three repeated trials from each of three release sites. Each trial lasted 24 h, and the three replicated trials were conducted in sequence (trials 1, 2, and 3) of each combination of release site and ZETA dose. After each trial, all male moths caught were removed from the sticky traps, and the sticky traps were replaced when switching to another dosage of ZETA. To avoid accumulation of ZETA in the trapping environment, we completed the trials with each dosage in ascending order, and the trapping environment was vented for 3 d before initiating trials with a new and higher ZETA concentration.
Analysis. In all trials, we counted the number of male P. interpunctella individuals caught after 24 h. PROC UNIVARIATE in PC-SAS 9.0 (SAS Institute, Cary, NC) was used to conÞrm that the trap captures could be considered normally distributed. We used PROC MIXED in SAS 9.0 to conduct a simple one-way analysis of variance (ANOVA) to determine whether trap captures were signiÞcantly affected by ZETA concentration in lures and by release site. We also used PROC MIXED in SAS 9.0 to examine the distance of trap capture centroids from release sites among pheromone concentrations. Trial number (trials 1, 2, and 3) was also used as a variable, because we suspected that aging of lures would affect the trap capture efÞciency. We calculated the distance of each trap location to the release sites and used regression analysis to describe the relationship between captures and distance from release site.
In the analysis of the relationship between trap captures and distance from release site, we divided trap locations into distance intervals in 1-m increments from 0 to 16 m from the release site. For each combination of release site and pheromone dose, we standardized captures into proportion of the average capture immediately above the release site. An exponentially declining curve (equation 1) was Þtted to the standardized average captures for each combination of release site and pheromone dose: The release sites 3, 16, and 21 are indicated in Fig. 1 . An exponentially declining curve Þt (equation 1) was used to describe the relationship between standardized trap captures of P. interpunctella males and distance from release site.
CoefÞcients and regression statistics are presented:
in which x is the distance from release site, and y 0 , a, and b are Þtted coefÞcients.
For analysis of the spatial distribution of P. interpunctella male captures, we used the software package, SADIE. SADIE calculates an effort, I a , required to redistribute the observed counts to a perfectly even distribution (all trapping locations having the same trap captures). Secondly, SADIE performs random redistributions of the observed counts and calculates the same effort for these random redistributions. The effort, I a , from the observed counts is compared with that from the random iterations and is considered to be signiÞcantly aggregated if 95% of the random iterations correspond to a smaller effort than that of the observed counts. Interested readers should consult Perry (1995) and Korie et al. (2000) for a detailed description of the SADIE procedures and visit the internet web site at http://www.rothamsted.bbsrc. ac.uk/pie/sadie/SADIE_home_page_1.htm for references on the use of this software. We ran the SADIE procedure with 5,000 iterations. The SADIE procedure was also used to calculate trap capture centroids for each trial. This centroid is equal to the average x-and y-coordinates of the trap locations after multiplying the coordinates with the trap captures as weighting factors.
Results
Trap Efficiency. Of the 25Ð30 males moths released in each trial, only 0 Ð3 were captured in trials with unbaited traps, whereas the average total trap captures for all trials with pheromone-baited traps or live P. interpunctella females was between 25 and 28 moths (Fig. 2) . Examining only the 72 trials with pheromone lures (3 release sites ϫ 3 replications ϫ 8 pheromone concentrations), we found no signiÞcant effect of ZETA concentration in lures on numbers of P. interpunctella males caught (F 7,60 ϭ 0.60; P ϭ 0.72). In addition, there was no signiÞcant effect of release site Fig. 3 . Exponentially declining curve Þts (equation 1) of the three pheromone concentrations (50 g, 500 g, and live females) that were found to be signiÞcant for release sites 3 (a), 16 (b), and 21 (c) (see Table 1 ). Before the curve Þt, average trap captures in 1-m distance increments from the release site were standardized by dividing each average trap capture with that immediately above the release site. Release sites, 3, 16, and 21, are presented in Fig. 1 . For each combination of pheromone concentration and release site, we conducted 3 trials (total of 72 trials), and SADIE was used to characterize the spatial distribution patterns. The numbers in this table denote the no. of trials in which the SADIE analyses indicated that the spatial distribution pattern was signiÞcantly aggregated.
on total trap captures of P. interpunctella (F 2,60 ϭ 0.06; P ϭ 0.94). Because the same pheromone lures were used for three replicated trials of each combination of release site and pheromone concentration, we suspected a possible aging of lures within the 3Ð5 d of testing, but trial number had no signiÞcant effect on captures of P. interpunctella males (F 2,60 ϭ 0.75; P ϭ 0.48). Not only was it surprising that total trap captures with 1 g of ZETA in lures were not signiÞcantly different from those with 2 mg of ZETA in lures, but the trap efÞciency with all tested ZETA doses was not signiÞcantly different from that of live P. interpunctella females.
Relationship Between Captures and Distance from Release Site. Using pheromone-baited traps in precision targeting of the harborage site (where the P. interpunctella males were released), the inherent assumption is that there is a negative relationship between trap captures and distance from the harborage site. We Þtted an exponentially declining curve to the standardized average trap captures of the three trials for each combination of pheromone concentration and release site (Table 1) . Only one-half of the pheromone concentrations at release sites 3 and 16 showed a signiÞcant curve Þt, whereas seven of the eight concentrations showed a signiÞcant curve Þt at release site 16. Pheromone concentrations Յ25 g or equal to 2,000 g only showed a signiÞcant curve Þt for one of the three release sites, whereas three pheromone lures (50 g ZETA, 500 g ZETA, and live P. interpunctella females) showed a signiÞcant curve Þt for all three release sites. These three lures were studied further by comparing trap captures at different distances from the release sites (Fig. 3) . Comparing the curve Þts for 50 and 500 g and live P. interpunctella females for release site 3, live P. interpunctella females were clearly the best predictor of the release site (steepest negative slope), whereas there was less distinct difference between the three curve Þts for the other two release sites.
Spatial Distribution Pattern. SADIE was used to conduct 72 analyses of the spatial distribution pattern of male P. interpunctella trap captures (all trials with ZETA concentration Ͼ0 g per lure), and they followed a signiÞcantly aggregated distribution in 24 trials with no apparent relationship between spatial distribution pattern and pheromone dosage or release site (Table 2) . Of the 24 trials with moth releases from each release site, the trap captures followed an aggregated distribution in 6, 8, and 10 trials for release sites 3, 16, and 21, respectively. Interestingly, trap captures from only one of the nine trials (three from each release site) with live P. interpunctella females followed a signiÞcantly aggregated distribution. We also used the SADIE procedure to calculate the trap capture centroid for each trial (Fig. 4) . There was no signiÞcant difference in distance of trap capture centroids from spatially aggregated and nonaggregated (randomly distributed) trials (F 1,59 ϭ 0.76, P ϭ 0.38). The average distance of trap capture centroids varied signiÞcantly among release sites (F 2,59 ϭ 54.36, P Ͻ 0.01) with the centroids signiÞcantly closer to release site 16 than to the other release sites (Table 3) . There was no signiÞcant difference in average distance of centroids from release sites among lures. , and locations of trap capture centroids (gray shapes) calculated from the SADIE procedure, when male moths were released from release site 3 (a), release site 16 (b), and release site 21 (c). Gray circles denote trap capture centroids from trials in which the spatial distribution of trap captures was aggregated, whereas gray squares denote trap capture centroids from trials in which the spatial distribution of trap captures was random.
Discussion
This study was conducted in a relatively small trapping space, and compared with a real warehouse, it was simpliÞed because (1) no food was available, (2) no human activity occurred inside the sampling space, (3) all traps were placed at the same height, and (4) no P. interpunctella females (except when used as lures) were present in the sampling space. Because P. interpunctella males are able to ßy several hundred meters within food warehouses (Campbell et al. 2002) , it is evident that there are restrictions to the conclusions that can be drawn from this study about the captures of P. interpunctella male moths. However, this study is to our knowledge the Þrst analysis of pheromone-baited trap captures in which a known number of male P. interpunctella individuals was released from known locations in a semirealistic warehouse environment and analyzed in a spatial context. The main conclusions from our study were that (1) total trap captures of male P. interpunctella individuals were similar when deploying lures containing ZETA concentrations ranging from 1 to 2,000 g, (2) there was a signiÞcant negative exponential relationship between trap captures and distance from release sites when using live P. interpunctella females, 50 g, or 500 g as attractants, (3) the location of trap capture centroids was similar for trials with random and aggregated spatial distributions, (4) independent of pheromone concentration, most trap capture centroids were located within 3 m from the release site, and (5) even in a highly simpliÞed environment, there was considerable difference in the spatial trends from three release sites.
This study revealed that the total trap captures per trial were not signiÞcantly different among the wide range of pheromone concentrations that were tested and that total captures with all doses were not significantly different from total captures with live P. interpunctella females as lures. Thus, whereas other minor pheromone components have been identiÞed (Sower et al. 1974 , Teal et al. 1995 , Zhu et al. 1999 , this study suggests that these may not signiÞcantly increase the captures of P. interpunctella males. However, repellency of stored product insects to high concentrations of sex pheromone is well established (Vick et al. 1986 , Hussain et al. 1994 ). examined the anemotactic ßight response of P. interpunctella males to two concentrations of ZETA in a wind tunnel and showed that the male moths were signiÞcantly more likely to ßy upwind and touch gel dots placed upwind containing ZETA when the concentration was 0.16% wt:wt compared with 0.32% wt: wt. The overall purpose of pheromone trapping, however, is not to catch as many insect pests as possible, but rather to obtain monitoring data that provide as much information as possible about the spatio-temporal dynamics of the pest population.
Different mapping techniques have been used to visualize spatial patterns of P. interpunctella trap captures (Arbogast et al. 1998 , Campbell et al. 2002 , Nansen et al. (2003) discussed the requirements and limitations of continuous mapping techniques for small data sets (including most data sets of stored product pests), and Perry (1997) cautioned about applying geostatistical techniques to certain ecological data sets. Based on the results from this study, we argue that analytical techniques that are based on inherent assumptions about the frequency distribution of capture or the spatial relationship among point observations (e.g., geostatistics that assume spatial auto-correlation) are probably limited and should be used with caution. The SADIE analysis revealed that only one-third of the 72 trials showed an aggregated spatial distribution and that there was no clear relationship between spatial distribution pattern and pheromone concentration in lures. Therefore, we conclude that the P. interpunctella males are randomly distributed, even though the male moths were released from a single location. The calculation of trap capture centroids is an unbiased and fairly simple exercise, and the main advantage of trap capture centroids is that they summarize the information from trapping locations into a single set of coordinates. Also, the calculation of trap capture centroids is not based on any assumptions regarding the spatial autocorrelation or frequency distribution of the data. In this study, we showed that two-thirds of the trap capture centroids were within 3 m from the release site, which Release sites, 3, 16, and 21, are presented in Fig. 1 . Trap capture centroid, average coordinates of trapping locations after using the trap captures as weighting factor, and we calculated the average distance of these centroids from the release site; highest trap capture, highest trap capture in each trial and how far that trap capture was, on average, from the release site. means that they were closer than one trap distance interval from the release site. Thus, these results suggest that trap capture centroids can be used for successful precision targeting of P. interpunctella infestations. An important side note is that the trap capture centroids were consistently farther away from release site 3 than from the other two release sites. With site 3 located along a wall (Fig. 1) , the released moths could only ßy in three directions, and this may have caused a systematic distortion of the coordinates of the trap capture centroid. A second explanation is that the larger distance between release site and centroids with release site 3 may be attributed to the fact that P. interpunctella males tend to ßy along surfaces , and a release near a wall may have caused the moth males to ßy further than when released at a more openly exposed location. Further research is needed to clarify this phenomenon.
The pest control industry is interested in using pheromone-baited traps for precision-targeted control strategies for stored product moths. Our results are encouraging, because trap capture centroids seemed to provide a fairly precise indication of where the moths were released. This study suggests that additional studies should be conducted at larger geographical scales and underscores the challenges when using pheromone-baited trap captures as spatial predictors of pest population densities. Secondly, presence of conspeciÞc females and food items should be considered as factors to be included in future controlled release experiments.
